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ttp://dx.doi.org/10.1016/j.jmoldx.2012.07.004Myotonic dystrophy type 1 (DM1) is an autosomal-dominant disease caused by an expansion of CTG
repeats in the 30 untranslated region of the Dystrophia Myotonica Protein Kinase (DMPK) gene.
Detection and accurate sizing of the CTG-repeat expansions is clinically important, because the number
of CTG repeats correlates with the disease severity. Because difﬁculties in PCR ampliﬁcation over large
expansions, molecular diagnosis of DM1 is still primarily based on Southern blotting, which is tech-
nically demanding and time consuming and requires large amounts of genomic DNA samples. We have
recently discovered that the use of multiple heat pulses during Heat Pulse Extension PCR (HPE-PCR)
enables efﬁcient ampliﬁcation over repetitive and GC-rich sequences. Based on this principle, we have
developed an assay for efﬁcient ampliﬁcation of large CTG-repeat expansions seen in DM1 patients. The
HPE-PCR method was able to amplify different DMPK1 repeat expansions of up to 1750 CTG repeats in 78
clinical samples with a varying degree of tissue heterogeneity, even in the presence of the short
wild-type allele. The CTG-repeat lengths and fragmentation patterns obtained with HPE-PCR were fully
concordant with the original diagnostic Southern blotting results. This novel technique provides
a PCR-based platform for molecular diagnosis of DM1, and it has been adopted for routine diagnostic
use. (J Mol Diagn 2013, 15: 110e115; http://dx.doi.org/10.1016/j.jmoldx.2012.07.004)Supported by Finska Läkare Sällskapet and the Minerva Foundation for
Medical Research.
A.K.O. and T.H.H. contributed equally to this work.Myotonic dystrophy type 1 (DM1) is an autosomal-dominant
disease caused by an expansion of a CTG repeat in the 30
untranslated region of the Dystrophia Myotonica Protein
Kinase (DMPK) gene. Unaffected individuals carry two
alleles of ﬁve to 34 CTG-repeat units, whereas affected
patients carry an expanded mutant allele of more than 50 CTG
repeats, sometimes more than 2000 repeat units.1,2 As the
number of CTG repeats correlates with the disease severity
and the age of disease onset,3e5 detection and sizing analysis
of CTG-repeat expansions is clinically important.stigative Pathology
.Currently, Southern blot analysis of enzymatically digested
genomic DNA is a widely used method for molecular diag-
nostics of CTG expansions in DM1; however, this technique
is time consuming, is low through-put, and requires large
amounts of good-quality genomic DNA.6 Alternatively,
PCR-based methods represent a promising strategy with
Detection of Large Repeat Expansions in DM1a more convenient procedure and high through-put capability.
However, ampliﬁcation of large CTG-repeat expansions by
conventional PCR is challenging because of the great length
of expanded alleles7 and stable secondary structures in the
templates and PCR products of long GC-rich repetitive
sequences.8 The lower ampliﬁcation efﬁciency of the
signiﬁcantly expanded alleles causes ampliﬁcation bias
favoring ampliﬁcation of the wild type and the less expanded
alleles. As a result, a detection limit of w80 to 100 CTG
repeats is common in conventional PCR methods used for
molecular diagnostics of DM1.6
Various modiﬁcations of PCR reagents and enzymes,
such as rTth DNA polymerase, long-template additives, GC
enhancer, Taq stabilizer, and partial substitution of 7-deaza-
dGTP, have been used to extend this limit. As a result,
expansions of w800 CTG repeats have been detected after
direct visualization of PCR products on agarose gels.7,9
Despite these improvements, techniques based on conven-
tional PCR cycling protocols still fail to amplify many
full-mutation expansions.
In this article, we present a novel diagnostic method for
ampliﬁcation and detection of the CTG repeat expansions
in the DMPK gene in DM1. This method is based on Heat
Pulse Extension PCR (HPE-PCR), a protocol that was
recently developed in our laboratory.10 Unlike conven-
tional PCR, in which the extension step is performed at
a constant temperature, the HPE-PCR cycling protocol
includes multiple heat pulses in the extension step. This
subcycling protocol serves to temporarily destabilize
secondary structures in the template sequence and PCR
product duplexes, resulting in improved extension efﬁ-
ciency over extremely large expansions of GC-rich
repeats. To validate the performance of this technique,
we re-analyzed 78 diagnostic DM1 patient samples
covering a large biological variation in both expansion size
and degree of tissue heterogeneity.
Materials and Methods
DNA Samples
Human genomic DNA had been extracted from the eth-
ylenediaminetetraacetic acid (EDTA)-treated blood or
placental tissue samples of DM1 patients during the years
2004 to 2012, using standard laboratory routines. These
samples were used for assay set-up and validation. They
consisted of two sample sets: the ﬁrst set (N Z 78),
extracted during the years 2004 to 2008, were originally
analyzed by Southern blotting and then re-analyzed by
HPE-PCR in this study; the second set extracted during
the years 2009 to 2012 (N Z 57) was originally analyzed
by HPE-PCR after the HPE-PCR method had been
validated for clinical use in 2009. The use of the clin-
ical samples for this purpose was ethically approved
within the institution. All DNA samples were quantiﬁed
with a NanoVue spectrophotometer (GE Healthcare,The Journal of Molecular Diagnostics - jmd.amjpathol.orgWaukesha, WI) and diluted to 10 ng/mL in distilled H2O,
before the PCR.
Southern Blot Analysis
Genomic DNA (6 mg) was digested with 10 U BamHI
(Amersham Pharmacia Biotech, Buckinghamshire, UK)
overnight at 37C. Fragments were separated on 0.8%
SeaKem Agarose gel (FMC, Rockland, ME) and transferred
to Hybond-N nylon membrane (Amersham, UK). The ﬁlter
was depurinated, denatured, and neutralized using routine
methods.
The probe was a 1.4-kb BamHI fragment cloned in Blue
Script vector. The insert was cut, puriﬁed (Nick Spin
Columns, Amersham Pharmacia Biotech, Sweden), and
labeled 32P-dCTP and 32P-dGTP with a Klenow fragment
of DNA polymerase (Random Primed DNA Labeling Kit;
Roche). The repetitive sequences were blocked with
Human Cot-1 DNA (Gibco BRL). The blocked probe was
hybridized with the ﬁlter in hybridization buffer overnight
at 65C. The ﬁlter was thoroughly washed, after which the
labeled fragments were detected using BIOMAX-TM
imaging ﬁlm (Kodak).
HPE-PCR Ampliﬁcation and Gel Analysis
The PCR primers DMKf (50-GCCAGTTCACAACCGCT-
CCGAGCGTGGGTC-30) and DMKr (50-ACGCTCCCCA-
GAGCAGGGCGTCATGC-30) determine the amplicon of
w350 bp encompassing the CTG-repeat region of the DM
kinase gene. The PCR reactions, with a total volume of
40 mL, were set up on ice. The master mix consisted of 1x
PCR buffer, 200 mmol/L dNTP, 1.33 units of DyNAzyme
EXT DNA polymerase (Finnzymes, Espoo, Finland),
100 pmol of the DMKf and DMKr primers (Sigma-Aldrich,
Munich, Germany), 2.25 mmol/L Betaine (Sigma-Aldrich);
and 40 ng of template DNA.
PCR ampliﬁcation was performed on a GeneAmp 9700
thermal cycler (Applied Biosystems, Foster City, CA) with
96-well PCR plates. The sample volume parameter was set
to a minimum of 5 mL to minimize block temperature
overshoot. The initial denaturation was for 7 minutes at
94C, followed by 40 cycles of HPE-PCR of three steps:
denaturation, primer annealing, and extension (Table 1 and
Figure 1).
The denaturation step was 45 seconds at 95C, followed
by rapid rise to 98C for 10 seconds. Primer annealing took
place at 68C for 30 seconds. The extension step started by
gradual heating to the basal extension temperature of 76C
(30% ramp rate), then multiple heat pulses were introduced
sequentially. Each heat pulse consisted of gradual heating to
the peak extension temperature 83C and rapid cooling to
the basal extension temperature. These heating pulses were
repeated 21 times during each PCR extension step.
PCR products were separated on 1% Ready Agarose gels
(Biorad, Hercules, CA) in TBE buffer with a GeneRuler111
Table 1 Temperature Proﬁle of a HPE-PCR Cycling Protocol
40 Cycles
Initial denaturation Denaturation Annealing Extension
94C  7 min 95C  45 seconds
98C  10 seconds
68C  30 seconds Ramp to 76C (30%) 21  Ramp to 83C (30%)
76C  2 seconds
Orpana et alDNA Ladder Mix (MBI Fermentas, Vilnius, Lithuania).
Gels were stained with ethidium bromide (Amresco, Solon,
OH) and imaged by AlphaImager Mini system (Alpha Inno-
tech, San Leandro, CA).Touch-Down PCR and Fragment Analysis
For ampliﬁcation of normal length repeats, PCR primers
FAM-DM3107 (50-CTTCCCAGGCCTGCAGTTTGCCC-
AATCC-30) and DM3108 (50-GAACGGGGCTCGAAGGG-
TCCTTGTAGCC-30) were used. PCR reactions with a total
volume of 50 mL were set up on ice. The master mix con-
sisted of 1x PCR buffer, 160 mmol/L dNTP, 20 pmol of the
FAM-DM3107, and DM3108 primers, 0.8 units of DyNA-
zyme II Hot Start DNA polymerase (Finnzymes, Espoo,
Finland), and 20 ng of template DNA.
Touch-down PCR ampliﬁcation was performed on
a GeneAmp 9700 thermal cycler with 96-well PCR plates.
The initial denaturation was 94C for 10 minutes; fol-
lowed by 20 cycles at 95C for 1 minute, 68C for 1
minute (with temperature decreasing from 68C to 60C
by 0.4C per cycle), 72C for 3 minutes; and 16 addi-
tional cycles at 95C for 1 minute, 60C for 1 minute,
72C for 3 minutes; and a ﬁnal extension at 72C for 10
minutes. PCR products were run on 3% agarose gel and
diluted before fragment analysis using Genetic Analyzer
3130xl (Applied Biosystems, Foster City, CA). Sizing
against Gene Scan LIZ500 (Applied Biosystems, Foster
City, CA) was determined using GeneMapper v 4.0
(Applied Biosystems, Foster City, CA).Figure 1 Illustrative temperature proﬁle for each cycle of the HPE-
PCR cycling protocol. After initial denaturation, 40 cycles of PCR
ampliﬁcation were performed with a two-stage denaturation step (95C
for 45 seconds and 98C for 10 seconds), annealing at 68C for 30
seconds, followed by gradual heating to a basal extension temperature of
76C (30% ramp rate) and 21 heat pulses with a peak temperature of
83C during the extension step.
112Results
For assay development and validation, we collected
a sample panel representing a wide range of CTG-repeat
lengths as well as a varying degree of tissue heterogeneity
from all diagnostic DNA samples originally analyzed for
DM1 by Southern blotting at the Laboratory of Molecular
Genetics of Helsinki University Central Hospital during the
years 2004 to 2008 (N Z 78). All of these samples were
re-analyzed with the HPE-PCR assay. The HPE-PCR
ampliﬁcation products derived from 18 samples represent-
ing the longest CTG expansions and 1 sample of the healthy
individual were selected for presentation in Figure 2. The
unexpanded alleles were detected as bands of about 350 bp
in the sample from a healthy individual as well as in all
except one of the DM1 patient samples. The sample shown
in Figure 2, lane 18, was included in the panel because of
a lack of visualization of the unexpanded allele on Southern
blot analysis; this result was reproduced by the HPE-PCR
assay. All expanded alleles, even the largest expansion of
w1750 CTG repeats, could be visualized on ethidium
bromideestained agarose gels. Moreover, the HPE-PCRFigure 2 Ampliﬁcation over CTG-repeat loci from a panel of 18 DM1
patients and one healthy individual using HPE-PCR. A: Agarose gel was
stained with ethidium bromide. Samples were selected based on the repeat
expansion size originally found in the Southern blot analysis. Severe tissue
heterogeneity in several samples (asterisks) could also be reliably detected.
B: Negative image ofA, showing improved contrast for some samples. Patient
identiﬁcation numbers shown on top were used throughout this article.
jmd.amjpathol.org - The Journal of Molecular Diagnostics
Figure 3 Concordance between Southern blot and HPE-PCR results.
Southern blot (A) and corresponding HPE-PCR (B) analysis of DNA samples
from a healthy individual (WT), a patient with congenital DM1 (C) and
a patient with adult-onset DM1 (A). The expanded alleles in the congenital
DM1 sample were ampliﬁed with high efﬁciency despite the short wild-type
allele. Tissue heterogeneity and variation of the expansion fragment length
in the adult-onset DM1 sample, seen on Southern blot analysis, is well
reproduced by HPE-PCR.
Detection of Large Repeat Expansions in DM1method was able to detect expansions in DM1 patients with
a varying degree of allelic heterogeneity (marked with an
asterisk in Figure 2).
The PCR results were fully concordant with prior results
achieved by Southern blot analysis (Table 2) with respect to
both the sizes of the largest expansions and the degree of
expansion heterogeneity represented by extra bands or
smears of shorter repeat expansions. Size calculation of the
CTG expansions based on the observed band patterns
showed good correlation with the original reports based on
Southern blot analysis. The interpretation of the expansion
sizes and fragmentation patterns were similar, and no
diagnostic errors would have been made if the original
analysis had been based on HPE-PCR rather than on
Southern blotting.
To illustrate the concordance between Southern blotting
analysis and HPE-PCR, we performed parallel analysis of
samples from a healthy individual with wild-type alleles
only, a patient with congenital DM1 displaying a large
homogenous expansion, and a patient with adult-onset
DM1 displaying a heterogeneous expansion of similar
size. Southern blot analysis detected a homogeneous
expansion of about 1400 CTG repeats (Figure 3A) as
a speciﬁc upper band. The heterogeneous expansion in the
sample from the patient with adult onset DM1 (Figure 3A)Table 2 Comparison Between HPE-PCR Outcome and Original
Southern Blot Result
Largest expansion estimated by different methods
Southern blot results PCR results
Lane
Estimated repeat
number in
Southern blot
Tissue
heterogeneity
Expected
size (kb)
Observed
size (kb)
1 DNA ladder
2 1650 High 5.3 5.0
3 1750 Low 5.6 5.2
4 1600 Low 5.1 4.9
5 1500 High 4.8 4.5
6 1300 Low 4.2 4.6
7 1190 High 3.9 4.0
8 1000 High 3.3 3.5
9 1200 Low 3.9 4.0
10 900 Low 3.0 3.4
11 600 Low 2.1 2.3
12 600 High 2.1 2.4
13 600 High 2.1 2.6
14 500 Low 1.8 2.1
15 500 High 1.8 2.0
16 400 Low 1.5 1.6
17 400 Low 1.5 1.9
18 350 High 1.4 1.5
19 150 Low 0.8 1.0
20 8 None 0.35 0.4
The expected PCR product size was calculated using the number of
repeats of the Southern blot report according to the following formula: 3 
CTG-repeat number þ length of the ﬂanking region.
The Journal of Molecular Diagnostics - jmd.amjpathol.orgwas visualized as a smear showing multiple fragments of
slightly different lengths. These results were reproduced
perfectly by HPE-PCR (Figure 3B). In particular, both the
short wild-type allele and the expanded allele from the
congenital DM1 sample were ampliﬁed with close-to-
equal ampliﬁcation efﬁciency (Figure 3B) and were
detected as two distinct speciﬁc bands on an agarose gel
stained with ethidium bromide. In addition, the hetero-
geneous expansion from the adult-onset DM1 sample
resulted in multiple fragments with a size distribution and
intensity similar to that seen in the corresponding
Southern blot analysis (Figure 3, A and B). Detection of
DMPK CTG expansions was improved by HPE-PCR
because of the signiﬁcantly lower background signal and
more clearly distinguishable bands compared to the cor-
responding Southern blot results.
Since validation for clinical use in 2009, we have
analyzed 57 samples and nine EMQN (The European
Molecular Genetics Quality Network) quality control
samples using an analytical procedure in which DNA
from each patient sample is ampliﬁed by HPE-PCR and
simultaneously by touch-down PCR for fragment analy-
sis to improve separation of wild-type alleles. Of these
patient samples, eight samples showed one wild-type and
one expanded allele representing 190 to 1280 repeats. A
total of 43 samples showed two wild-type alleles. Six
samples that showed only one wild-type allele were
subjected to re-analysis by Southern blotting. Of these
six samples, ﬁve were found to be of wild type.
However, one placental sample from a DM1 patient
showed a gigantic expansion of w2500 repeat units that
was missed by HPE-PCR analysis. Our success on
EMQN External Quality Assessment schemes has been
excellent.113
Orpana et alDiscussion
There is little doubt that PCR-based methods are more cost-
effective, are higher through-put, and require less DNA
sample than Southern blot analysis in molecular diagnostics
of DM1.6 PCR ampliﬁcation of large CTG-repeat expan-
sions has, however, been challenging because of the great
length of the expanded alleles7 and the stable secondary
structures in long GC-rich repeat expansions.8 In this paper,
we have shown that i) continuously shifting the temperature
during extension steps of PCR (HPE-PCR) allows ampliﬁ-
cation of extremely large CTG-repeat expansions in DM1
samples using standard PCR reagents; ii) the ampliﬁcation
bias that typically favors ampliﬁcation of the wild-type
allele is reduced and as a result, both the shorter wild-type
allele and the expanded one of up to 1750 CTG repeats
can be ampliﬁed with similar efﬁciencies and directly
visualized on agarose gel after staining with ethidium
bromide; and iii) the validation results achieved with HPE-
PCR were fully concordant with Southern blots with respect
to both the size and the heterogeneity of the repeat expan-
sions, and we would have reached a similar diagnosis using
HPE-PCR instead of Southern blotting.
Various modiﬁcations to PCR reaction reagents have
been developed to enable PCR-based detection of long
expansions in DM1.7,11 These modiﬁed reagents increase
the cost of testing and hamper the through-put of assays for
routine analysis. In particular, the unavoidable substitution
of dGTP for 7-deaza-dGTP interferes with gel staining using
intercalating dyes, such as ethidium bromide or SYBR
Green I, and necessitates probe-mediated detection and/or
Southern blot transfer of PCR products. Moreover, because
the ﬂanking primers in these methods need to be far from
the actual repeat loci and yield a PCR product of w2.1 kb
for the normal allele, accurate detection and size resolution
of small repeat expansions is sacriﬁced. Consequently, this
technique does not cover the entire range of DM1-repeat
expansions in a clinical setting.9 In contrast, the wild-type
PCR products generated by the HPE-PCR method
described in this paper are only w400 bp long, so this
method enables accurate measurement of both small and
large expansions in one PCR experiment. To the best of our
knowledge, this is the ﬁrst time that both the short wild-type
allele and an expanded allele of up to 1500 CTG repeats in
DM1 could be co-ampliﬁed using standard PCR reagents
and directly visualized on agarose gel electrophoresis using
ethidium bromide staining.
Most previously described PCR cycling protocols for
ampliﬁcation of GC-rich sequences have focused on opti-
mization of the annealing step.12e15 Because both the wild-
type and expanded alleles of the DMPK gene are primed
with the same efﬁciency, it is difﬁcult to improve the balance
of ampliﬁcation efﬁciency between the short wild-type allele
and expanded alleles by optimizing priming speciﬁcity in the
annealing step. In contrast, we have endeavored to improve
DNA polymerase extension over difﬁcult GC-rich repetitive114regions. Although 72C is commonly regarded as the
optimal extension temperature for many thermo-stable DNA
polymerase enzymes, this temperature is insufﬁcient for
destabilization of highemelting-temperature secondary
structures and duplexes formed in GC-rich and repetitive
sequences. As a result, polymerase extension at a constant
temperature, optimal for the enzymatic activity of DNA
polymerases is, in many cases, blocked by such thermo-
stable structures.8,16,17 To improve polymerase extension
over long expansions of CTG repeats, we have introduced
multiple heat pulses into the extension step of PCR to
temporarily destabilize duplexes and secondary structures in
the template. In ideal conditions, the heat pulses during
HPE-PCR cause the newly synthesized strands to partly
dissociate and re-anneal continuously, while retaining sufﬁ-
cient binding to prevent the strands from losing their posi-
tion. In this way, a complete copy of the template strand is
generated during every PCR cycle regardless of the length of
the template sequence, thus minimizing the differences in
ampliﬁcation efﬁciency between the shorter wild-type and
the expanded alleles.
The present study must be interpreted in the context of
a number of potential limitations. The data were obtained
from a small Finnish population of DM1 patients, not
covering the full range of possible lengths of expansion
worldwide. In our analysis of more than 120 diagnostic
patient samples, only one sample carried an expansion of
w2500 repeat units, which would have been missed if the
diagnosis had been based solely on HPE-PCR. The tech-
nique is currently being optimized further to cover even
such extreme expansions. The cycling protocol presented in
this paper was optimized for the GeneAmp 9700 thermal
cycler (Applied Biosystems). Transferral of the protocol to
other thermal cyclers can be implemented, but it is likely to
require optimization of parameters such as ramp rate,
temperature overshoot, and hold times.
In conclusion, we have established a novel PCR-based
method for analysis of large expansions of CTG repeats in
DM1 patients. This HPE-PCR technique allows direct
visualization of PCR ampliﬁcation products by agarose gel
electrophoresis with accurate size resolution, using
conventional ethidium bromide staining. This technique, in
combination with touch-down PCR and fragment analysis,
has been adopted as a routine diagnostic assay at HUSLAB,
Helsinki University Central Hospital.
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